Introduction {#Sec1}
============

Organ transplantation is the optimal treatment for many patients with end-stage organ failure. It is well documented that transplantation is a more optimal form of renal replacement therapy than dialysis, with the additional benefits of better quality of life both in terms of physical health and social situation. This not only benefits the child but also the parents, carers, and extended family. Following transplantation, recipients require immunosuppressive therapy to prevent graft rejection. A gradual improvement in short-term graft survival has occurred over the last 10 years as immunosuppressive drugs and regimens have improved. However, there has been minimal improvement in long-term graft survival over the same period, partly due to drug side effects, such as nephrotoxicity \[[@CR1], [@CR2]\]. The personalisation of immunosuppressive regimens is one way that future graft outcome may be improved. Pharmacogenetics (PG) is the study of genetic variation that gives rise to different drug responses, and theoretically, if patients can be genetically screened prior to transplantation, then their immunosuppressive therapy can be tailored to optimise their short- and long-term graft outcome.

Immunosuppression posttransplantation {#Sec2}
=====================================

There is no standard immunosuppressive regimen in the UK for paediatric patients undergoing renal transplantation, but drug regimens usually include the combination of a calcineurin inhibitor (CNI; such as tacrolimus or ciclosporin) with an antiproliferative agent (azathioprine or mycophenolate) and corticosteroids. Regimens often use an induction therapy that includes antibodies to lymphocytes, such as basiliximab or daclizumab, anti-CD25 antibodies that bind to interleukin (IL)-2 receptors on activated T-lymphocytes. Mammalian target of rapamycin (mTOR) inhibitors, such as sirolimus and everolimus, are sometimes used in combination with or instead of a CNI when proven intolerance to CNIs necessitates their withdrawal \[[@CR3]\]. Immunosuppressive drugs have narrow therapeutic ranges: underdosing can lead to organ rejection, whereas overdosing can result in infection, malignancy and direct organ toxicity \[[@CR3]\]. Episodes of acute rejection often occur within the first few weeks of transplantation but can occur any time if there are inadequate levels of immunosuppression. The response may be cell or antibody mediated and lead to injury or destruction of the cellular structures of the graft. The response can be more aggressive and include a vascular reaction. Clinically, acute rejection tends to occur as an acute episode causing a reduction in graft function (with associated reduced urine output and urine biochemistry changes) and by clinical features such as pyrexia, graft tenderness and oedema. Chronic allograft dysfunction is the most common cause of delayed graft loss and is a gradual process occurring months or years posttransplantation. The course is generally unremitting and inevitably leads to loss of graft function and either a return to dialysis or a further attempt at transplantation.

There is wide interindividual variation in the dose of immunosuppressive drugs required to achieve target blood concentrations. The best approach to achieve whole-blood or plasma concentrations within a defined therapeutic range is the use of therapeutic drug monitoring (TDM). The most critical period for organ rejection is the first 72 h posttransplantation, when inadequate drug exposure increases the risk of acute rejection in patients treated with ciclosporin \[[@CR4]\], tacrolimus \[[@CR5]\] or mycophenolate \[[@CR6]\]. TDM cannot optimise drug exposure during this early timeframe; such optimisation can only be achieved by the use of an ideal initial dose. Therefore, the use of a PG approach (through genetic screening) to predict the most appropriate initial dose may offer a complementary strategy to TDM. It is possible that the use of potent induction therapy may render less critical the need to attain an optimal drug concentration in the regimen \[[@CR7]\]. A PG strategy may be particularly useful in guiding the initial dose for drugs with a long half-life, such as sirolimus, as TDM will inevitably take longer to respond these cases \[[@CR8]\].

Several genetic polymorphisms have been identified in drug targets, drug-metabolising enzymes and drug transporters. Theoretically, individuals could be screened for specific polymorphisms, effectively acting as biomarkers, facilitating more specific and individualised choice of drug and dose. This strategy may enable therapeutic concentrations to be attained more quickly. The PG of immunosuppression for solid organ transplantation have been reviewed extensively for adult populations \[[@CR9]--[@CR11]\] but far less work has concentrated on paediatric populations. Despite this, there have been a number of advances in the understanding of genetic associations with immunosuppressive pharmacokinetics (PK) and pharmacodynamics (PD) in the context of their use in a PG strategy to guide drug dosing in both adults and children. Several strategies have emerged with potential for use in clinical practice, the most promising of which is the use of the cytochrome P450 (CYP)3A5 (CYP3A5) genotype to predict the optimal initial dose for tacrolimus \[[@CR12]\].

Much of the content of this article relates to adult studies, although paediatric studies have been undertaken in small numbers. Hopefully, as further research is done, our knowledge of paediatric PG will improve and contribute to improved outcomes for solid organ transplants in children.

Pharmacogenetic strategies based on pharmacokinetics {#Sec3}
====================================================

The CNIs ciclosporin and tacrolimus, as well as sirolimus, have an oral bioavailability of 20--30%. Two key components of the barrier that prevents drug absorption are subject to expression-level genetic variability. The oxidative enzymes CYP3A4 and CYP3A5 are responsible for first-pass metabolism in the enterocyte and the liver, and the drug transporter P-glycoprotein (P-gp), the product of the *ABCB1* (previously known as *MDR-1*) gene, expels tacrolimus from the enterocyte, thereby preventing absorption. The expression of CYP3A decreases, whereas the expression of P-gp increases along the length of the gastrointestinal tract (moving from the proximal to the distal end) \[[@CR13]\].

The *CYP3A5* genotype and pharmacokinetics {#Sec4}
==========================================

Tacrolimus, ciclosporin, sirolimus, everolimus and corticosteroids are all metabolised by CYP3A4 and CYP3A5 \[[@CR14]--[@CR16]\]. There is significant variability in the expression of CYP3A4 in the intestine and the liver, but no clear genetic basis has been identified for this heterogeneity or for the differences in immunosuppressive drug PK and PD presumed to be associated with CYP3A4 (reviewed in reference \[[@CR9]\]); therefore, the *CYP3A4* genotype is unlikely to be of value in the prediction of optimal drug dosing. CYP3A5 has a similar protein sequence to CYP3A4 and similar substrate specificity. Individuals with at least one wild-type *CYP3A5\*1* allele are able to synthesise a functional protein that constitutes up to 50% of their total hepatic CYP3A. These individuals are referred to as functional CYP3A5 expressers. *CYP3A5\*3* homozygotes, who express low levels of CYP3A5, are referred to as functional nonexpressers \[[@CR17]\]. The prevalence of these genotypes differs between ethnic groups, with CYP3A5 expression more common in populations whose genetic origin is close to the equator \[[@CR18]\]. Approximately 85% of individuals with a sub-Saharan African genetic origin, 50% of south Asians and 15% of caucasians are CYP3A5 expressers \[[@CR12]\], revealing a reliable genotype--phenotype association across a wide range of ethnic and geographically different populations.

In addition to the ethnic and geographical variation in CYP3A5 expression, there is also age-related variation in the expression of CYP3A enzymes. In foetal life, CYP3A7 plays a major role, with CYP3A7 expression being highest in the first trimester. It is then gradually replaced by CYP3A4 throughout the developmental period \[[@CR19]\]. At the same time, it is thought that the expression of CYP3A5 remains relatively constant independent of age. Although there is no definitive study on the induction capability of CYP3A enzymes, a study by Yukawa et al. suggests that enzyme induction is stronger in infants than in adults \[[@CR20]\]. As a result, when reviewing studies, it is important that age and developmental stage are considered in addition to CYP3A5 genotype, although their influence is not well established.

CYP3A5 and tacrolimus {#Sec5}
=====================

Research across a range of adult populations has confirmed that expression of CYP3A5 is associated with reduced tacrolimus exposure following oral administration \[[@CR21]\]. The genetic component appears to affect drug absorption rather than the rate of drug elimination \[[@CR22]\]. CYP3A5 expressers exhibit a significant delay in achieving target blood concentrations when using conventional initial doses and subsequent TDM-based adjustment \[[@CR23], [@CR24]\]. This delay has been associated with an earlier \[[@CR25]\] and increased incidence \[[@CR26]--[@CR28]\] of acute rejection in the early period following transplantation when protocols that do not use an induction antibody are used. Other studies have failed to confirm this observation, perhaps because potent regimens with widespread use of induction antibodies were used \[[@CR7], [@CR24]\]. An increased incidence of nephrotoxicity has been noted in CYP3A5 nonexpressers following renal transplantation \[[@CR24], [@CR27]\]. The authors hypothesised that this was because of increased metabolic activity in the kidney resulting in protection against toxicity in CYP3A5 expressers.

A recent study by Zhao et al. investigated the effect of age and PG on tacrolimus drug disposition in 50 de novo paediatric renal transplant recipients \[[@CR29]\]. Looking at a number of variables they showed that CYP3A5 expression (in addition to body weight and haematocrit level) had significant effects on PK variability, whilst the other variables (including demographic, clinical and other PG variables including *CYP3A4*, *ABCB1* and *ABCB2*) had no effect. They also showed that the standard starting tacrolimus dose of 0.15 mg/kg twice a day was associated with underdosing in children who are expressers, and that higher dosages (0.2--0.3 mg/kg twice a day) should be recommended, principally in children with low haematocrit levels and weighing less than 20 kg. In contrast, for children who are non-expressers, the lower dose of 0.1 mg/kg twice a day should be recommended, primarily in children weighing more than 40 kg. They concluded by recommending a body weight-based dosing regimen based on *CYP3A5* polymorphism and haematocrit levels for better individualisation of tacrolimus dosage.

A similar study by Ferraresso et al. looking retrospectively at 30 adolescent renal transplant recipients showed a two-fold increase of tacrolimus daily doses in functional expressers compared with non-expressers was needed in order to reach the desired therapeutic range \[[@CR30]\]. They also showed a high incidence of acute rejection episodes among expressers, which is consistent with the need for higher tacrolimus doses in this group. Another study on paediatric heart transplant patients found that at 3, 6 and 12 months post-transplantation, a significant difference in tacrolimus blood level was found between the functional expressers and non-expressers, with the expressers requiring a larger tacrolimus dose to maintain the same blood concentration \[[@CR31]\]. They concluded that specific genotypes of *MDR1* and *CYP3A5* in paediatric heart transplant patients require larger tacrolimus doses to maintain their tacrolimus blood concentration, and that this information could be used prospectively to manage immunosuppressive therapy.

An important multi-centre randomised controlled trial by Thervet et al. assigned adult renal transplant recipients to receive tacrolimus either according to *CYP3A5* genotype or according to the standard daily regimen \[[@CR32]\]. The primary end point was the proportion of patients achieving a therapeutic trough concentration. In the group receiving the adapted dose, they required fewer dose modifications, and the targeted trough concentration was achieved by 75% of these patients more rapidly. This is the first study to show that prospective adaptation of tacrolimus daily dose according to *CYP3A5* genotype increased the proportion of patients reaching the therapeutic target range.

CYP3A5 and ciclosporin {#Sec6}
======================

Despite extensive research in adults, no clear genetic predictors of ciclosporin absorption have been identified. There have been a few studies demonstrating a correlation between genetic predictors and ciclosporin absorption but there is not sufficiently strong evidence for the development of a PG strategy. The majority of studies displayed no correlation between genotype and dose-normalised blood concentrations. The largest of these studies concluded that ciclosporin dose requirements based on blood concentration measurements at 0 h following drug dosing (C~0~), blood pressure and long-term graft survival were not influenced by the *CYP3A5\*1* genotype in Caucasian patients \[[@CR33]\]. A large study in patients of differing ethnicities has also failed to demonstrate any association when measuring both C~0~ and C~2~ (measurements taken at 2 h following dosing) \[[@CR34]\]. To date there have been no studies looking at *CYP3A5* and ciclosporin PG in paediatric patients.

CYP3A5 and sirolimus {#Sec7}
====================

Sirolimus has a long half-life (approximately 60 h) and, accordingly, a slow response time for TDM \[[@CR35]\], thereby rendering the use of a PG approach for dosing with this drug extremely desirable. Again only adult studies have looked at CYP3A5 and sirolimus. In the absence of treatment with a CNI, oral bioavailability of sirolimus was reduced in individuals expressing CYP3A5 \[[@CR36]\]. This observation was confirmed in two further studies, with dose-normalised blood concentrations for CYP3A5 expressers reaching only 50 to 80% of the concentrations observed in non-expressers \[[@CR37]\]. However, two further similar studies failed to demonstrate any association between oral bioavailability of sirolimus and CYP3A5 expression \[[@CR38], [@CR39]\]. It is conceivable that ciclosporin may inhibit or saturate the barrier to drug absorption, nullifying the effect of CYP3A5 expression. Following these observations, a study using the *CYP3A5* genotype to predict the initial sirolimus dose in patients not previously treated with a CNI would be the next logical step, although in children they tend only to be used when proven intolerance to CNIs necessitates their withdrawal. One concern with this approach is the risk of acute rejection in the early period after transplantation. The use of a PG strategy to optimise the sirolimus dose may offer a solution to this problem.

There are no published data on the influence of the *CYP3A5* genotype on everolimus, the other mTOR inhibitor that is metabolised by CYP3A5, in either adult or paediatric populations \[[@CR40]\].

*ABCB1* genotype and pharmacokinetics {#Sec8}
=====================================

Tacrolimus, ciclosporin, sirolimus, everolimus and corticosteroids are all substrates for P-gp \[[@CR41], [@CR42]\]. Sequencing of the *ABCB1* gene (which encodes P-gp) has revealed more than 50 single nucleotide polymorphisms (SNPs), which vary in frequency according to ethnicity (reviewed in reference \[[@CR43]\]). The three most common, and most widely researched, are the synonymous SNPs *1236C\>T* in exon 12 and *3435C\>T* in exon 26 that do not alter the protein sequence, and the non-synonymous SNP *2677G\>(T,A)* in exon 21 which does result in an amino acid substitution. In general, wild-type *ABCB1* alleles have been associated with increased tissue expression of P-gp, although this has not been reported consistently \[[@CR44]\]. It has been suggested that the haplotype of the three SNPs is more predictive of phenotype than the individual SNP genotype \[[@CR45]\]. A *3435C\>T* mutation linked to one of the other mutations results in altered protein folding, which can modify substrate specificity \[[@CR46]\] or alter mRNA stability \[[@CR47]\]. There are a number of conflicting reports regarding the *ABCB1* genotype-phenotype association, and the robustness of the association has been questioned \[[@CR48]\]. For any PG test to be effective it is imperative that there is a strong relationship between genotype and phenotype. As a result, the heterogeneous genotype-phenotype relationship with *ABCB1* is a major limiting factor for its potential use in PG.

*ABCB1* and tacrolimus {#Sec9}
======================

In intestinal biopsies of adult patients undergoing living-donor liver transplantation, *ABCB1* mRNA levels were negatively correlated with dose-adjusted tacrolimus blood concentrations \[[@CR49]\]. High levels of *ABCB1* mRNA were associated with increased acute cellular rejection and poorer survival rates in the first year post-transplantation \[[@CR49]\]. Research into the association between the *ABCB1* genotype and tacrolimus exposure has yielded mixed results, with some studies showing a small but significant increase in dose-adjusted tacrolimus blood concentrations in patients with the mutated genotype, while other studies have reported no correlation.

A recent study on 51 paediatric patients post liver transplantation demonstrated a significant association between *ABCB1* genetic polymorphisms and tacrolimus-associated nephrotoxicity \[[@CR50]\]. This suggests that *ABCB1* polymorphisms in the gastrointestinal tract do have a significant influence on tacrolimus dose requirements in the stable phase post-transplantation. The study also showed that there was no correlation between different *ABCB1* polymorphisms and tacrolimus PK at 6 months post-transplantation, although they were significantly correlated to the incidence of renal dysfunction at the same point.

*ABCB1* and ciclosporin {#Sec10}
=======================

As with tacrolimus, there is no consistently observed relationship between *ABCB1* polymorphisms and the PK of ciclosporin although ciclosporin is recognised as an inhibitor of P-gp. Cattaneo et al. evaluated the associations between *ABCB1* genotypes and ciclosporin-related outcomes in 147 adult renal transplant recipients \[[@CR51]\]. Carriers of T allelic variants in exons 21 or 26 exhibited a 3-fold increase in the risk of delayed graft function, a trend toward slower recovery of renal function and lower glomerular filtration rate (GFR) at study end, as well as a significantly higher incidence of new-onset diabetes and cytomegalovirus (CMV) reactivation when compared with carriers of the wild-type genotype. It must be assumed that the renal effects in this study occurred as a result of PK factors, as only the genotype of the recipients was determined \[[@CR51]\].

A study by Fanta et al. looking at pretransplant children with end-stage kidney disease showed that genetic variations of *ABCB1* has an age-dependent effect on the oral bioavailability of ciclosporin and on the oral dose requirements in the oldest patients \[[@CR52]\]. Carriers of the *ABCB1 1236C\>T* or *2677G\>T* variant allele had oral bioavailability approximately 1.3--1.6 times higher than noncarriers amongst children \>8 years. They also had a lower prehepatic extraction ratio of ciclosporin than noncarriers in the same age group. The association did not exist in children \<8 years old. In summary, if the *ABCB1* genotype has a real influence on the PK of immunosuppressive drugs, it is likely to be only minor and therefore of little value in planning drug dosing, although there is a need for more research in this area.

Drug formulations and pharmacogenetics {#Sec11}
======================================

The observations described in the *Pharmacogenetic Strategies Based on Pharmacokinetics: An Active Barrier to Drug Absorption* section were made with branded products, specifically Prograf (tacrolimus) and Neoral (ciclosporin). It is possible that genetic influences will be less pronounced with the prolonged-release formulation of tacrolimus, Advagraf. Moving from the proximal to the distal end of the gastrointestinal tract, epithelial cells tend to express less CYP4503A and more P-gp \[[@CR13]\], suggesting that the *ABCB1* genotype may have a more pronounced influence on drug absorption with Advagraf. Generic formulations of tacrolimus and ciclosporin are now available in several countries, and economic pressures are likely to result in their increased use worldwide. Excipients contained within these preparations may influence the barrier to enteric absorption, and it cannot be assumed that genetic influences applicable to one formulation will apply to all. For example, vitamin E, a known inhibitor of P-gp \[[@CR53]\], is used in the Neoral preparation of ciclosporin and may enhance absorption. The granular formulation Modigraf, which is often used in paediatric patients as it is manufactured in liquid form, has an 18% increased bioavailability when compared with Prograf and is therefore not bioequivalent to Prograf or Advagraf and hence may have a different PG profile. Intravenous routes for immunosuppressive drugs in the period immediately posttransplantation may also affect their PG profiles.

Thiopurine-*S*-methyltransferase and azathioprine {#Sec12}
=================================================

Elimination of azathioprine occurs via metabolism by the enzyme thiopurine-S-methyltransferase (TPMT). Approximately 1 in 300 individuals are deficient in TPMT because of variant alleles and only require 6--10% of the standard dose of azathioprine (reviewed in reference \[[@CR54]\]). Although the number of individuals at risk is small, administration of azathioprine to TPMT-deficient individuals may result in catastrophic myelotoxicity. Several SNPs predict the TPMT phenotype, and in many medical specialties, including both adult and paediatric rheumatology and gastroenterology, genotyping for the *TPMT* gene or direct measurement of TPMT activity prior to the administration of azathioprine has become standard practice. This method is the best-established PG strategy for therapeutic immunosuppression. In transplantation, however, the approach has not been adopted widely, and TPMT deficiency is not typically perceived as a major concern, perhaps as a result of the intensive monitoring that occurs immediately after transplantation, including the measurement of a number of haematological parameters. Given the existence of a practical PD assay in transplantation with a clinically relevant response time, PG is unlikely to contribute significantly to clinical practice.

Corticosteroids {#Sec13}
===============

Genetic influences on corticosteroids have not been extensively studied, possibly because researchers did not always measure corticosteroid blood concentrations. Miura et al. demonstrated that neither the *CYP3A5* nor the *ABCB1* genotype influenced plasma concentrations of prednisolone measured 28 days after renal transplantation in adults \[[@CR55]\]. The steroid and xenobiotic receptor (SXR) plays an important role in the regulation of *CYP3A4* and *ABCB*1 expression by both endogenous and xenobiotic substrates \[[@CR56]\]. One finding of potential interest was that individuals with the *NR1I2 7635G* allele of SXR exhibited reduced maximum concentrations of prednisolone in plasma. Miki et al. showed that the amounts of SXR messenger RNA (mRNA) in the liver and intestine reached maximal levels in young adults (15--38 years old) and then subsequently decreased to less than half of the maximal levels with ageing. The authors proposed that age-related differences in the body's capacity to metabolise steroids and xenobiotic compounds result in an important role for SXR and its target genes \[[@CR56]\]. An interesting study by Zheng et al. on paediatric heart transplant patients used regression analysis to try to identify predictors of steroid dependency posttransplantation \[[@CR57]\]. The study confirmed *ABCB1 3435C\>T* and cytokine IL-10 polymorphisms as independent risk factors for steroid dependency at 1 year posttransplantation. \[The anti-inflammatory effects of IL-10 are known to promote protection in certain allografts (heart, lung and liver) and are also associated with fewer complications following bone marrow transplantation\] \[[@CR58]\]. Further studies looking at the genetic influences on corticosteroids are required before useful evidence can be translated into practice, but the potential role in paediatric transplant patients is clear. In addition to their role in steroid metabolism, SXR SNPs also influence the metabolism of CYP3A4 and ABCB1 substrates, including tacrolimus and ciclosporin, by altering the expression of CYP3A4 and ABCB1. Some studies have shown that SXR SNPs increase the oral clearance of tacrolimus, although further investigation is required to clarify the extent of this effect \[[@CR59], [@CR60]\]. Similarly, the effect of SXR SNPs on ciclosporin needs further investigation before definitive conclusions can be drawn regarding their influence.

Mycophenolate {#Sec14}
=============

The active agent mycophenolic acid (MPA) can be delivered either as the prodrug mycophenolate mofetil (MMF) or as enteric-coated mycophenolate sodium. MPA is an antiproliferative agent that inhibits the activity of the target enzyme inosine monophosphate dehydrogenase (IMPDH), which exists as two isoforms. Variations in IMPDH activity are thought to play a role in the heterogeneous response to MPA. All studies on mycophenolate have been done in adult populations, but the findings are likely to be similar in paediatric populations. Sombogaard et al. demonstrated that the *IMPDH type II .3757T* polymorphism was associated with increased IMPDH activity in mycophenolate-treated renal transplant recipients (*n* = 101) and that this polymorphism accounted for 8% of the interindividual variability in IMPDH activity \[[@CR61]\]. In another multicentre study, this polymorphism was predictive of acute rejection, as patients with at least one C allele exhibited a threefold increased risk of acute rejection \[[@CR62]\]. SNPs in the *IMPDH1* gene have also been associated with acute rejection \[[@CR63]\]. MPA is conjugated by uridine glucuronyl transferases (UGTs), and the glucuronide is either eliminated in urine or excreted in bile, where it is subject to enterohepatic recirculation. Biliary secretion is mediated by the drug transporter ABCC2 (MRP2) and, as a result, SNPs in the *ABCC2* gene can have an impact on MPA exposure \[[@CR64]\]. *UGT1A9* gene products are localised in the liver and kidney and are likely to play a role in MPA glucuronidation. One study identified UGT1A9 as the key UGT responsible for glucuronidation of MPA to MPAG in the liver. Individuals with the g.275T and g.2152C alleles in the *UGT1A9* promoter region exhibited reduced exposure to the active drug MPA of a magnitude that is likely to be of clinical significance and result in increased incidence of acute rejection \[[@CR65]\]. The influence of SNPs in the *UGT1A9* gene may be dose dependent. MPA exposure was significantly reduced in patients treated daily with a 2-g MMF dose compared with patients treated with 1 g \[[@CR66]\]. Whereas these studies identified potential targets for a PG strategy for mycophenolate, the targets have not been tested. One potential limitation is the small proportion of interpatient variability in MPA PK that is predicted by genetic factors. Among the different UGT enzymes, there is wide variation in levels of expression depending on age. UGT1A1 and UGT2B7 reach adult levels by 3 months of age, whereas UGT1A6, UGT1A9 and UGT2B7 can take up to 10 years to reach adult levels \[[@CR67]\]. This adds further difficulty to the PG profiling of paediatric patients with respect to UGT expression.

Pharmacogenetic strategies to predict pharmacodynamics {#Sec15}
======================================================

Genetic influence on intracellular drug concentrations {#Sec16}
------------------------------------------------------

A number of adult studies have addressed the influence of genetic factors on the intracellular concentration of drugs both in the lymphocytes of the target organs for efficacy and in the renal tubular epithelial cells for toxicity. The correlation between whole-blood and intralymphocyte concentrations of ciclosporin is poor \[[@CR68], [@CR69]\]. Methods have been established to measure intracellular concentrations of both ciclosporin \[[@CR68]--[@CR71]\] and tacrolimus \[[@CR72]\]. Although these measurements have not been adopted in clinical practice, intracellular drug concentrations correlated better with acute rejection than did whole-blood concentrations \[[@CR70], [@CR73]\]. Individuals with the *ABCB1 C3435CT CC* genotype exhibited significantly lower intracellular ciclosporin concentrations than a pooled CT/TT group \[[@CR68]\]. In another study, an association between lymphocyte P-gp activity and intracellular ciclosporin concentrations was observed, although there was no correlation with the *ABCB1* genotype \[[@CR66]\], supporting studies in which inhibition of lymphocyte activation by ciclosporin correlated inversely with the level of P-gp expression \[[@CR74]\]. Whereas the hypothesis that high levels of P-gp expression on lymphocytes predicted by the *ABCB1* genotype will lead to an increased incidence of graft rejection suggested by these in vitro data is attractive, there are few supportive clinical studies. In a study of adults post renal transplantation, there was a statistically significant association between the *ABCB1* haplotype and acute rejection, but this association accounted for only a small proportion of the risk \[[@CR75]\]. Data supporting the hypothesis that variation in renal tubular P-gp expression levels accounts for the differential susceptibility to CNI nephrotoxicity, as a result of the influence of P-gp on intracellular drug concentrations, have been obtained from patients transplanted with nonrenal organs. However, recipients of liver transplants with the *ABCB1 2677TT* homozygote genotype appeared to be less susceptible to nephrotoxicity in one study \[[@CR76]\] than another \[[@CR50]\]. Moreover, several studies failed to identify any association between the *ABCB1* or *CYP3A5* genotypes and nephrotoxicity in bone marrow \[[@CR77]\] or cardiac transplant recipients \[[@CR78]\]. In renal transplant recipients, the incidence of ciclosporin nephrotoxicity was significantly higher when the donor, but not the recipient, had the *ABCB1 3435TT* genotype \[[@CR79]\]. Lower levels of P-gp expression were noted in renal biopsies of patients with CNI nephrotoxicity \[[@CR80]\]. A limitation of these studies is the difficulty in making or excluding with confidence the diagnosis of CNI nephrotoxicity. If based on histological criteria, all patients would need to be biopsied to robustly define the presence or absence of CNI toxicity, rather than only those being investigated for renal dysfunction. A drop in serum creatinine concentration with reduced CNI dose may be used as an alternative measure, but again, is not routinely tested in all patients. Sirolimus is known to enhance the nephrotoxicity of ciclosporin. In vitro, the susceptibility of cultured human proximal tubular epithelial cells to CNI toxicity was increased by P-gp inhibition, including that caused by sirolimus, and the inhibition was associated with increased intracellular ciclosporin concentrations \[[@CR81]\]. Similar data regarding genetically determined differences in P-gp expression are awaited.

Genomics of immunosuppressive drug targets {#Sec17}
------------------------------------------

Genetic predictors for particularly high or low risk of rejection could potentially be used to create individualised immunosuppressive regimens. A number of SNPs in candidate genes for cytokines and cell-surface molecules involved in the immune response have been associated with the incidence of acute rejection following transplantation, but none of the reported associations have been replicated consistently. As a result, no clear candidate has arisen to help guide immunosuppressive therapy (for a recent review, see reference \[[@CR82]\]).

Role of donor polymorphisms {#Sec18}
---------------------------

This review has focussed on the genotype of transplant recipients. There have been relatively few studies looking at the role of polymorphisms in graft donors, and their importance remains unclear. Woillard et al. concluded from a study on renal transplant patients that the presence of ABCB1 polymorphisms in donors influences long-term graft outcome \[[@CR83]\]. In adult renal transplant recipients, the incidence of ciclosporin nephrotoxicity was significantly higher when the donor, but not the recipient, had the *ABCB1 3435TT* genotype \[[@CR79]\]. Further studies are required to evaluate the role of donor polymorphisms, although it is likely that in paediatric and adult renal transplantation, the role of recipient polymorphisms will be more important.

Weight-based dosing of immunosuppressive drugs in paediatric patients {#Sec19}
---------------------------------------------------------------------

In addition to the issues of PG discussed, there are also other considerations when dealing with immunosuppressive drug dosing in paediatric transplant patients. For example, tacrolimus dosing in children follows a similar weight-based protocol as for adults. Kausman et al. have shown that there is a strong relationship between age, body size and the development of supratherapeutic tacrolimus levels when following a strict dose initiation based on weight \[[@CR84]\]. It is therefore likely that individual dosing needs to be adjusted based on weight, age and body surface area, although further evidence is required to develop accurate protocols. This adds further complexity to the PG considerations already discussed.

Conclusion {#Sec20}
==========

There is a large evidence base relating to genetic influences on the pharmacology of immunosuppressive drugs. Much of this evidence comes from studies in adult populations, but more work is being undertaken on paediatric populations. For a PG test to be useful, the genotype must have a major influence on the PK or PD of a drug with a narrow therapeutic index, for which the rapid achievement of target blood concentrations is important. The only strategy to have fulfilled these requirements to date is the *CYP3A5* genotype, which can predict the optimal initial dose of tacrolimus. Whether a PG dosing strategy for tacrolimus can improve clinical outcomes by improving efficacy or reducing toxicity remains to be proven and is a difficult outcome to measure. A randomised controlled trial in needed that uses genetically predicted doses from the time of transplantation in a sample including patients at high risk of rejection and toxicity. There are no known reliable genetic markers for the heterogeneity in the PK of ciclosporin. The pharmacology of mycophenolate is complex, but several genetic predictors of plasma MPA concentrations and efficacy failure have emerged that are worthy of further research; however, there is concern that the genetic influences will be lost in the complexity of MPA PK, which seem to be influenced to a greater degree by environmental rather than genetic factors.

Measurement of intracellular drug concentrations is an exciting new development in TDM and will potentially be an improved indicator of whole-blood concentrations than using efficacy and toxicity. Genetic polymorphisms in drug transporters such as P-gp may predict the partitioning characteristics of a drug between cells and plasma. This may aid either in determining the therapeutic range or avoiding specific drugs with a particularly high risk of efficacy failure or toxicity. Due to the relatively low number of paediatric organ transplants that take place, it is difficult to perform trials and obtain data on paediatric patients. However, there is plenty of further work to be done in this area, and at some point, genetic screening of all transplant patients may become routine. The use of PG strategies in transplantation is close to reaching the clinic, but further research is required.

Multiple choice questions {#Sec21}
=========================

Answers appear following the reference listWhich ethnic subgroup has the highest proportion of CYP3A5 expressers?CaucasianSub-Saharan AfricanSouth AsianP-gp is encoded by which gene?*ABCB1CYP3ACYP4ATPMT*Mycophenolic acid inhibits the activity of which target enzyme?P-gp (P-glycoprotein)TPMT (thiopurine-S-methyltransferase)IMPDH (inosine monophosphate dehydrogenase)UGT (uridine glucuronyl transferases)Which of these drugs has the longest half-life?TacrolimusMMFCiclosporinSirolimusThe CNIs ciclosporin and tacrolimus, as well as sirolimus, have an oral bioavailability of what percentage?10--20%20--30%30--40%40--50%

**Answers:**

1\. b

2\. a

3\. c

4\. d

5\. b
